The longitudinal asymmetry of the Io plasma torus, as predicted by the magnetic-anomaly model and observed by Earth-based optical astronomy, provides a driving mechanism for a corotating convection system in Jupiter's magnetosphere. Here we deduce some qualitative properties of this convection system from the general equations that govern a steady state corotating convection system (although we expect that time-dependent effects may also have to be included for a complete description of Jovian convection). The corotating convection system appears capable of providing both the dominant radial transport mechanism (with a time scale possibly as short as a few rotation periods) and the dominant mechanism for extracting energy from Jupiter's rotation (at a rate --•10 •5 W) for driving a wide variety of magnetospheric phenomena. A similar corotating convection system may occur in other rotation-dominated magnetospheres, for example, those of pulsars and Saturn.
It was initially pointed out by Vasyliunas [1978] that such an azimuthally asymmetric plasma mass distribution will spontaneously generate a convection system with outward flow (away from Jupiter) in the longitude sector having greater-than-average plasma mass density, and inward return flow in the longitude sector having less-than-average mass density. This convection system, like the asymmetry that drives it, is fixed in the corotating Jovian frame of reference. Thus it differs in two important respects from the solar-winddriven convection that is known to occur in Earth's magnetosphere: (1) the Jovian system is powered by internal, rather than external, sources of plasma and energy; and (2) the convection pattern is fixed in the (rotating) Jovian reference frame rather than in the (inertial) solar-wind reference frame.
requires the solution of a pair of coupled nonlinear partial differential equations, which we derive here but do not solve. Chen [1977] has studied the related problem of outward convection generated by the mass loading of flux tubes in the immediate vicinity of Io and has concluded that such convection is an unimportant radial transport mechanism. Our conclusion differs from Chen's fundamentally because we consider the azimuthal asymmetry that drives the convection to be fixed in Jovian (System III) longitude [e.g., Vasyliunas, 1978; Hill, 1975, 1979] so that its effects are cumulative over several Jovian rotations, whereas Chen considered the asymmetry to be fixed in relation to Io such that its effect is felt at a given longitude for only a fraction of one Jovian rotation period. (Another, less fundamental, difference is that we adopt a larger mass-loading rate than that used by Chen, led by recent Voyager and astronomical measurements.) However, Chen's mathematical formulation of the problem is formally similar to that presented here, the main differences being in the choice of approximations and boundary conditions. We base our model on the assumption that the immediate source of magnetospheric plasma is not Io itself but rather a more-or-less complete toms of neutral gas (mostly SO2 and its dissociation products) that orbits Jupiter near the orbit of Io. The neutral gas cloud is ultimately supplied by Io, but its presence at a given longitude is independent of the instantaneous position of Io in its orbit.
GOVERNING EQUATIONS
In the corotating frame of reference the toms plasma experiences an outward centrifugal force that is largely balanced In this paper we describe qualitatively the global nature of by the j x B force associated with the acceleration drift curthis convection system and deduce a semiquantitative estimate of the convection time scale. The estimated convection time scale is comparable to a few Jovian rotation periods, and hence we conclude that convection represents the dominant radial transport process in the Jovian magnetosphere. An important additional conclusion is that both the Jovian ionospheric conductivity and the plasma injection rate in the Io plasma toms must be considerably larger than previous esti- 
where p is plasma mass density, v is its bulk velocity with respect to the corotating frame, • is the angular frequency of corotation, and r is the axial radius vector in a cylindrical (r, 8, z) coordinate system aligned with the rotation axis. (In its more familiar form, the MHD force-balance equation is written in terms of the velocity v' --v + ftx r as measured in the nonrotating reference frame. In this frame, the centrifugal and Coriolis forces (first two terms on the right-hand side of (1)) are included implicitly in the inertial term (left-hand side).)
We shah neglect the pressure-gradient force -Vp; this is equivalent to assuming that the plasma is cold in the sense kT
•< m•2r2/2. (The pressure-gradient current has the same direction and the same longitudinal asymmetry as the centrifugalacceleration current, so the inclusion of the pressure-gradient force, while complicating the problem considerably, would not change the qualitative nature of the result and would alter the quantitative result by at most a factor of the order of two [see Dessler, 1980a] .) We further assume that the plasma is largely confined to a thin equatorial sheet (sufficiently thin that B and v have essentially their equatorial values throughout the thickness of the sheet)--(1) can then be integrated across the sheet thickness to give
where J --J'jdz and o --J'pdz; o is thus the mass density per unit equatorial area. We further assume that v obeys the frozen-in-fiux approximation
where, in accordance with our steady state assumption, the electric field is derivable from a scalar potential:
The velocity is thus a function of the potential:
Upon substituting (5) into (2) we find that the force-balance equation ( It remains now to eliminate J from (2); this is accomplished by imposing the current-continuity equation (9) Thus the divergence of the equatorial magnetospheric current must, in a steady state, be compensated by Birkeland (magnetic-field-aligned) currents, and the closure of these Birkeland currents through Jupiter's ionosphere imposes a relationship between E and J both in the ionosphere and (through (3)) also in the equatorial plane. (The same procedure is widely used in computing the effects of ionospheric conductivity on terrestrial magnetospheric convection, see, for example, Vasyliunas [1970] . If the ionospheric conductivity were vanishingly small, the coupling would be absent and the partial ring current would polarize so as to move outward (in the active sector) in a 'free-fall' state, presumably at something like the local rotational speed (although the local rotation speed would then itseft be significantly less than its corotation value--see Hill [ 1979] ).
CONVECTION TIME SCALE
In spite of the simplification accomplished by assumption (12) above, the solution of the coupled equations (8) and (14) involves considerable mathematical difficulties. We therefore simplify the problem further by neglecting the first term with respect to the second term on the left-hand side of (14). This approximation is strictly valid only in some neighborhood of the outflow symmetry streamline wherein/Jr >> Iol, and we will employ it here only to obtain an order-of-magnitude estimate of the rate of outflow.
The resulting 
We now have a lower limit (17) and an upper limit (19) for the outflow time. If we assume that each limit provides a reasonable order-of-magnitude estimate, then by requiring consistency between these two estimates we arrive at the condi- 
i.e., an outflow time comparable to a few rotation periods. This estimate should be regarded as a lower limit because the Coriolis force, which we have neglected here, tends to reduce the radial velocity compared to our estimate by decreasing the effective centrifugal driving force. On the other hand, any magnetic-field-aligned electric field (also neglected here) would tend to increase the radial velocity by reducing the ionospheric drag force. A further, less serious source of error lies in the approximation used above in deriving (15) As the plasma moves outward, two effects act to produce deviations from purely radial outflow. First, the (centrifugal) driving force increases as the plasma moves outward; thus the azimuthal current density and hence electric-field strength increase (equations 13b and 15 above) and the outflow is constricted to an even narrower longitude sector. This con- 
Another relevant parameter is the total electric potential drop •o across the outflow region, which represents the rate at which magnetic flux is intercepted by the outflow:
•o --R/7 • 22 MV
(independent of the choice of 7). By contrast, the total potential drop associated with an Earthlike solar-wind-driven convection system at Jupiter has been estimated from simple scaling laws as •sw • 1 MV [e.g., Kennel and Coroniti, 1977] . From this comparison we conclude that solar-wind-induced convection is negligible compared to internally driven convection insofar as radial plasma transport is concerned. It is interesting to note that the relation (35) establishes the exact equivalence between the volume integral of-j. E over the outflow region and the alternate form (32) that we have used to estimate the power in the outflow.
The total current associated with the convection system can be obtained by integrating the current density (13b) over the outflow region. A simpler and equivalent method (the equivalence again being established by (35) The convection system described here, as driven by the longitudinal asymmetry of the Io toms, differs in two important respects from these radial diffusion models: (1) it is characterized by a systematic pattern with outflow in the active sector and inflow in the complementary longitude sector; this pattern corotates with Jupiter, although the plasma may not; and (2) it is considerably faster, transporting matehal outward on a time scale of a few rotation periods, compared to • 1 year for atmospherically driven diffusion [Coroniti, 1974] Our convection pattern (Figure 2 ) should be considered a gross time-average pattern upon which may be superimposed a noise component associated with eddy convection of the type described by Siscoe and Summers. In our large-scale pattern the flux-tube content (7) is conserved, and the mass distribution is therefore marginally stable against flux-tube interchange motions [see Hill, 1976 , and references therein]. It is likely that the flux-tube interchange instability as described by Siscoe and Summers initiates the plasma outflow (particularly when the Io plasma source is time variable), and that our convection pattern represents the steady state toward which the system evolves, i.e., the saturation state of the centrifugal interchange instability.
The corotating convection pattern that we have proposed has a number of observable consequences. The most obvious prediction is that the .radial plasma velocity component Other experimental tests capable of distinguishing between the corotating convection model described here and the radial diffusion models prevalent in the literature will no doubt become apparent. The fundamental distinction is the extent to which the magnetospheric plasma mass distribution and the resultant radial transport properties depend on Jovian longitude.
Saturn's magnetosphere also exhibits spin-periodic radio emissions [Kaiser et al., 1980] , in spite of the negligible tilt angle between its spin axis and magnetic dipole axis [Smith et al., 1980; Ness et al., 1980] . This spin periodicity may reflect the existence of a corotating plasma asymmetry in Saturn's magnetosphere, in which case the corotating convection system described above may apply also to Saturn. 
